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but not whole-exome, data were used, suggesting a tissue-specific bias against enrichment of mutations by APOBEC3B in coding regions. In addition, their analysis showed that the HER2-enriched subtype of breast cancer harbors an exceptionally high frequency of APOBEC3B-associated mutations as compared with other breast cancer subtypes. Both studies from Burns et al. 1 and Roberts et al. 2 independently reached the same conclusion that the APOBEC3B mutation signature is specifically enriched in six types of cancers, including those of the cervix, bladder, lung (adeno and squamous cell), head and neck, and breast.
APOBEC3B mutation signature
Mutation signatures have aided in the identification of environmental mutagens and this overexpression correlates with the presence of the APOBEC3B mutation signature. These analyses, together with evidence from previous studies 4, 6, 7 , suggest that APOBEC3B may contribute to the cytosine mutation clusters observed in many cancers 5, 6 .
The paper by Roberts et al. 2 provides an in-depth analysis of both whole-genome and whole-exome sequencing data sets from various sources, including TCGA. Using wholegenome data sets, the authors found that many mutations are clustered and localized at breakpoints of chromosomal rearrangements, which is consistent with the known specificity of APOBEC family members 3, 6 for singlestranded DNA. Interestingly, the APOBEC3B mutation signature was detectable in colorectal and prostate cancers only when whole-genome, Human cancer genomes are exceptionally complex, as they contain tens of thousands of mutations. Despite this complexity, the observed nucleotide substitutions may provide fingerprints to indict specific mechanisms in carcinogenesis. In this issue of Nature Genetics, two papers, one from Reuben Harris and colleagues 1 and a second from Dmitry Gordenin, Gad Getz and colleagues 2 , demonstrate that a gene encoding one member of the APOBEC (apolipoprotein B mRNA editing enzyme, catalytic polypeptide-like) family of cytidine deaminases, APOBEC3B, leaves a telltale mutation signature that is enriched in the genomes of many human cancers. APOBEC family members normally function as part of the innate immune system that protects against retrovirus and retrotransposon propagation, such as restricting HIV-1 viral reverse transcription 3 . However, these enzymes can also deaminate cytosines in the host genome and generate C→T mutations [4] [5] [6] .
In a previous study, Burns et al. 4 provided evidence that APOBEC3B is overexpressed in breast tumors and cell lines and that the APOBEC3B mutation signature is statistically more prevalent in the breast tumor database of The Cancer Genome Atlas (TCGA) than is expected 4 . In this issue, Burns et al. 1 extend their study to include 19 different human tumors. They systematically analyzed mutation frequencies, spectra and sequence contexts using whole-exome mutation data from TCGA. Their RNA sequencing (RNA-seq) studies indicated that APOBEC3B is overexpressed in several human cancer types, and (Fig. 1) 7, 8 . C→T transitions in cervix, bladder, lung, head and neck, and breast cancers have been suggested to be caused by APOBEC3B on the basis of the positive association of the distinct mutation signature and overexpression of APOBEC3B 1,2 . Cytosine deamination by APOBEC3B results in a uracil residue. Excision of the uracil residue by uracil DNA glycosylase generates an apurinic (AP) site, and insertion of adenine opposite the AP site results in C→T transitions 9 . Alternatively, DNA polymerases can replicate across the uracil residue directly and insert an adenine, which also results in C→T transitions 9 . AP sites and C→T mutations can also arise by other processes ( Fig. 1) , including spontaneous or chemical-induced cytosine deamination, errorprone bypass after ultraviolet light damage or DNA polymerase errors 7, 9 . The contribution of other mutagenic processes in the cancers that are associated with APOBEC3B mutagenesis is still unclear. One can partially discriminate between the various events leading to cytosine substitutions using the sequence of the adjacent nucleotides. APOBEC3B preferentially deaminates cytosine residues when it is adjacent to a 5′ thymine 6,10,11 and a 3′ thymine or adenine 4 .
In the current studies, only cytosine substitutions that occur within the trinucleotide TCA or TCT sequence context are attributed to APOBEC3B mutagenesis 1,2 . However, the contribution of other mutagens to cytosine substitutions in these sequence contexts cannot be ruled out. Further studies are also warranted to identify the translesion polymerase that contributes to the C→G and C→A mutations observed at these sequence motifs 1,2 .
Immunity, mutagenesis and cancer
Other APOBEC enzymes could also act as mutators. Overexpression of two other cytidine deaminases has been shown to cause cancer in transgenic mice: overexpression of Apobec1 causes hepatocellular carcinoma 12 , whereas overexpression of activation-induced deaminase (Aid) causes T cell lymphomas 13 . Overexpression of Apobec3b in animal models may confirm its tumor-type specificity.
Elucidation of the signals that lead to overexpression of APOBEC family members in cancer cells may reveal how viral infection and immune responses are associated with carcinogenesis. Expression of AID and mutagenesis have been shown to be induced by Helicobacter pylori infections in normal gastric epithelia 14 . Intriguingly, both the current studies 1,2 and recent work from Lawrence et al. 7 separately showed that the APOBEC3B mutation signature is enriched in cervical and head and neck cancers, and a major risk factor for the development of these cancers is infection by human papilloma virus. It will be interesting to determine whether viral infections can trigger APOBEC3B mutagenesis and whether variation in infection and immune status can explain why APOBEC3B is associated with cancers in some tissues but not others.
On the basis of these studies, it is reasonable to hypothesize that inhibitors of APOBEC3B may prevent mutation accumulation in specific human cancers. Alternatively, it is postulated that APOBEC-mediated mutagenesis of viral DNA may result in an increase in viral mutation load to a level that exceeds the threshold for viral viability 3, 10 . Accordingly, induction of APOBEC family members in certain human tumors with an existing high mutation load may similarly increase mutation numbers to a point that exceeds tumor viability 15 .
of the broad epigenetic effects of MECP2 on gene expression. An unbiased genetic approach taken by Monica Justice and colleagues (page 1013 of this issue) demonstrates that cholesterol metabolism is perturbed in Mecp2 mutant mice, providing new therapeutic options for this complex disease 5 .
Finding targets
Mice with Mecp2 mutations have phenotypes that mimic some key features of patients with RTT, including a reduction in lifespan, alterations develop autistic features. In addition, patients develop severe mental retardation, motor defects, stereotypical hand movements, seizures and breathing abnormalities. Most hemizygous males die perinatally. MECP2 is a nuclear protein that regulates hundreds of genes by binding to methylated DNA and recruiting various transcription factors and chromatinremodeling proteins 2, 3 . Although Mecp2 was the first autism spectrum disorder gene to be molecularly identified 4 , RTT has been difficult to target therapeutically, in part because Rett syndrome (RTT) is a devastating neurological disorder that is caused largely by mutations in the X-linked gene MECP2 (encoding methyl CpG-binding protein 2) 1 . After an initial period of normal psychomotor development, affected females experience a regression of acquired hand and language skills and Cholesterol metabolism and Rett syndrome pathogenesis
